Introduction
Structural information of the molten and quenched slags (i.e. silicate melts and glasses) is of great interest for understanding their physical and transport behaviors in the scientific and industrial fields. Several experimental techniques such as X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS), Raman and infrared (IR) spectroscopies, and nuclear magnetic resonance (NMR) spectroscopy have been applied for the purpose. [1] [2] [3] [4] [5] [6] [7] Also, viscosity and thermal expansivity of the molten slags have been measured by several researchers. 8, 9) Molecular dynamics (MD) simulation can provide the unique information on the structural properties as well as dynamic properties such as diffusion, thermal expansion, etc., from an atomistic point of view.
MD simulation has been extensively applied to SiO 2 melt/glass because of its simple composition and even its importance for industrial applications. [10] [11] [12] Similarly are there structural studies for silicate melts with the compositions of CaO-SiO 2 or CaO-Al 2 O 3 -SiO 2 systems. [13] [14] [15] Matsumiya et al. 16) and Seo and Tsukihashi 17) examined SiO 4 polymerization species Q n and diffusivity for CaO-SiO 2 molten slags with increasing CaO content. These studies have proven that the atomistic simulations for the binary or ternary system of CaO-Al 2 O 3 -SiO 2 are well available to reproduce their experimental counterparts, whereas there are few such proofs for complicated CaO-MgO-Al 2 O 3 -SiO 2 quarternary system. The incorporation of MgO as well as Al 2 O 3 in the actual blast furnace slag is expected to drastically change the above properties. In this study, we investigate in detail the local structure of the blast furnace slag with a CaO-MgO-Al 2 O 3 -SiO 2 composition at 300 K and 1 873 K by using molecular dynamics simulation, and successfully describe the structural and dynamic properties of such a complex amorphous material.
Methodology of MD Simulation
We performed a set of MD simulations using MX-DORTO codes, 18) with an interatomic potential function (F ij ) between atoms i and j consisting of Coulombic, shortrange repulsion, van der Waals attraction, and Morse potential terms as given by (1) where r ij is the interatomic distance and f 0 (ϭ6.9511ϫ 10 Ϫ11 N) is a constant. The electronic charge (e), and the parameters for each atomic species (z, a, b and c) and for cation-anion pairs (D ij , b ij and r* ij ) were derived empirically to simulate the structures of feldspar and pyroxene and some high-pressure minerals ( Table 1) . 19) Shimoda and Okuno 20) showed that this parameter set successfully reproduced glass structures for CaSiO 3 -MgSiO 3 system. Especially the parameters for Mg atom gave an improved result about its coordination state compared with the previous MD results. The Ewald method was used for the summation of Coulombic interactions. Equations of motion of ions were solved numerically using the Verlet's algorithm with a time increment of 2.0 fs (2.0ϫ10 Ϫ15 s). Scaling the particle . The structural properties such as average coordination number obtained at 300 K were in good agreement with a recent NMR study, supporting the feasibility of the structure prediction by such simulation technique. At 1 873 K, the coordination numbers of the ions almost remained unchanged, while the intertetrahedral angles were found to be narrower, and the Q n distribution of AlO 4 tetrahedra was slightly modified. The small amount but significant incorporation of MgO and Al 2 O 3 influences the network connectivity, which should affect macroscopic properties such as viscosity.
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velocities and simulation cell parameters controlled temperature and pressure, respectively (NPT ensemble).
Periodic boundary condition was applied to the orthorhombic simulation cells containing 4 116 atoms (O: 2 400, Si: 552, Al: 276, Mg: 164, Ca: 724 particles) according to the chemical composition of typical blast furnace slag (43 wt% CaO, 7 wt% MgO, 15 wt% Al 2 O 3 , and 35 wt% SiO 2 ). The initial structure of the system was generated randomly and equilibrated at 5 000 K for 500 000 steps (1 ns). Then, the temperature was reduced to 1 873 K at a rate of Ϫ0.005 K/step, and equilibrated for another 1 500 000 steps after the cell density was set to 2.67 g/cm 3 , which was estimated from the partial volumes derived by Coutial and Dingwell.
21) The temperature was further reduced to 300 K, and the density was set to an experimental value of 2.85 g/cm 3 with another 1 500 000-step equilibration. The statistics were accumulated during the last 500 000 steps.
The pair distribution functions, g ij (r) are commonly used to investigate short-range order in amorphous materials. This gives the probability density of finding an ion within an interval Dr at a distance r from a specified particle. The g ij (r) is time-averaged over all configurations generated during the production run;
..... (2) where N i is the total number of the ion i, ͗n ij (rϪDr/2, rϩDr/2)͘ is the average number of the ion j surrounding the ion i in a spherical shell within rϮDr/2, and V is the simulation cell volume.
Results and Discussion

Structural Properties in a Quenched State
The pair distribution functions at 300 K are shown in Figures 1(a)-1(o) , and the interatomic distances and the average coordination numbers of cations are listed in , whereas in the case of RϽ1, some Al 3ϩ are also in non-tetrahedral sites. 22) In the blast furnace composition, RϾ Ͼ1, the Al 3ϩ is in a tetrahedral site as observed. The average Si-O-Si and Si-O-Al bond angles were 148.1°and 141.4°, in accordance with Xray diffraction studies. 2, 23, 24) The interatomic distances of Mg-O and Ca-O pairs were observed at 2.08 and 2.35 Å, and the average coordination numbers of Mg and Ca were calculated to be 5.5 and 6.7, respectively. Although the MD-derived Mg-O and Ca-O distances were within the experimental results, the coordination numbers disagree with some X-ray diffraction studies for (Mg,Ca)SiO 3 glasses, 25, 26) but reasonably agree with that for (Mg,Ca) 3 Al 2 Si 3 O 12 glasses. 27) This may suggest that the incorporation of Al 3ϩ ion influences the coordination states of Mg 2ϩ and Ca 2ϩ ions. Moreover, our recent NMR study has suggested that the average coordination numbers of Mg and Ca in the glassy blast furnace slag were about 6 and 7, respectively, by using the exciting 25 Mg and
43
Ca MQMAS techniques, being in good agreement with the present simulation. 28, 29) The interconnections between the tetrahedral and nontetrahedral cations, i.e., Mg-Si, Mg-Al, Ca-Si, and Ca-Al pairs show a doublet-like peak at 2.5-4.5 Å, suggesting their edge-sharing (2.8-3.1 Å) and corner-sharing (3.3-3.6 Å) fashions of the polyhedra, respectively (Figures 1(h) , 1(i), 1(l), and 1(m)). Mg-(Si,Al) show a tendency to corner-sharing compared with Ca-(Si,Al), and in turn, (Mg,Ca)-Si show a tendency to corner-sharing compared . 30) This means that the addition of MgO in CaO-Al 2 O 3 -SiO 2 slag preferably produces the depolymerization of SiO 4 species, which reflects the decrease of viscosity. 31) Information on network connectivity Q n is an important aspect for determining macroscopic properties such as viscosity in the molten state. The Q n means the polymerized species in the glass structure, and the superscript n denotes the number of bridging O atoms within a SiO 4 or AlO 4 tetrahedron (nϭ0 to 4). The present simulation showed the Q 2 -dominance (Q 2 (1Al)) for SiO 4 tetrahedra, and the Q 3 -dominance (Q 3 (1Al)) for AlO 4 tetrahedra, suggesting a relatively depolymerized network in the amorphous slag structure ( Table 3) . The interesting finding is that SiO 4 tetrahedra tend to stay in more depolymerized units than AlO 4 . Such a tendency is also supported by our 29 Si and 27 Al NMR study, 29) another 17 O NMR study for CaO-Al 2 O 3 -SiO 2 glasses, 32) and MD simulations. 33) These consistencies between the present simulation and NMR results as well as X-ray diffraction strongly suggest the validity of the applied potential parameters, because the solid state NMR spectroscopy is the most effective method to elucidate the local environments on each atomic species constituting the glassy material. On the other hand, acquisition of the bonding information beyond the first neighbors (e.g., Si-Si, Mg-Al) is demanding for NMR techniques, but easy for simulations. Figure 2(a) shows an atomic configuration snapshot at 300 K, representative of a depolymerized network of SiO 4 and AlO 4 tetrahedra with interstitial Mg and Ca atoms in the blast furnace slag. The interstitial cations seem to have channel-like pathways (Fig. 2(b) ), 34) which would become diffusion paths at high temperature as mentioned below.
Structural and Dynamic Properties in a Molten
State We extend the discussion to a molten state. At 1 873 K, the interatomic distances broadened with asymmetric tails to longer r due to thermal expansion (Fig. 1) , and therefore the average coordination numbers of Mg and Ca atoms seem to decrease due to fixed cut-off distances (Table 2) . Such a situation may indicate the increasing extent of distortion in coordination polyhedra at high temperature. The pair correlation functions of Si-O, Ca-O, Si-Si, Ca-Si, and Ca-Ca pairs were close to those for CaO-SiO 2 , 16) suggesting that the incorporation of Al 3ϩ does not significantly change the short-range order structure. The average Si-O-Si and Si-O-Al bond angles became narrower than those at 300 K. The Q 2 -and Q
3
-dominances of Si and Al atoms, respectively, remain unchanged, but the Q n distribution of Al atom appears to be depolymerized (lower content of Q 3 , Q 4 and higher Q 2 ). Matsumiya et al. 16) and Seo and Tsukihashi 17) estimated the predominance of Q 2 and Q 3 of SiO 4 tetrahedra at 0.48CaO-0.52SiO 2 melt, where the ideal average Q n is same as the blast furnace slag. Although there are some contributions from the difference of potential parameters used in the present and the previous studies, this implies that the Al 3ϩ influences the network connectivity as mentioned above, which should affect macroscopic properties such as viscosity.
The self-diffusion coefficients D of the ions in the molten Table 3 . Calculated Q n fractions of Si and Al atoms (with varying AlO 4 neighbors) at 300 K and 1 873 K. slag can be estimated from the mean squared displacements (Fig. 3 ) by using following relation;
. diffusive motion will affect the Si 4ϩ and Ca 2ϩ diffusivity and increase melt viscosity. Or simply, it may be due to the inadequacy of the empirical potential parameters when applied at high temperature.
Conclusion
The chemical structure of an amorphous slag with typical blast furnace composition was investigated by means of molecular dynamics simulation. Our calculation suggested that the slag had a depolymerized network of SiO 4 
